Absiracr -Magnetic hysteresis of YBa2Cu307-6 thin-film pickup loops was measured using a single-layer sample design that allowed experiments to characterize both magnetometers and gradiometers. Measurements were performed at 77 K for samples having pickup-loop linewidths ranging from 20 pm to 800 pm. Magnetometer hysteresis was found to increase with increasing linewidth and increasing amplitude of the applied magnetic field ramp. Gradiometer hysteresis was found to depend primarily on the degree of hysteretic balance between the two individual loops comprising the gradiometer. The dependence of gradiometer hysteresis on applied field amplitude was found to be sample dependent, monotonically increasing in some cases, and exhibiting a local minimum in others.
I. INTRODUCTION Applications of superconducting quantum interference device (SQUID) magnetometers and gradiometers for systems that must operate in an unshielded environment on a moving platform are a source of many challenging operational issues [l] . One issue faced when operating in such an environment is that the pickup loops of the devices can be subjected to relatively large magnetic field changes. For proper sensor design, it is important to determine the magnetic field change limits beyond which the pickup-loop response becomes either nonlinear or hysteretic.
It is the irreversible movement of magnetic flux vortices trapped within the superconducting material of a pickup loop , that results in the hysteretic response of the loop to changes in the applied magnetic field [2] . Vortices are created when type-I1 superconducting material is cooled below its transition temperature (Tc) in an external magnetic field and also when the applied field becomes large enough to make their formation energetically favorable. The concentration of the shielding current at the outer edge of the pickup loop structure increases the magnetic field strength at the edge resulting in nucleation of new vortices primarily at the edge. The Lorentz force from the current is strongest on these nearby edge vortices and acts to displace them further into the film.
The fabrication of high-T, multilayer devices, with acceptable llfnoise for applications requiring low noise at fi-equen- cies, down to 0.1 Hz, remains difficult. This difficulty has led to the development of direct-coupled SQUID magnetometers, which have the advantage that they can be fabricated from a single-layer thin film. While the llfnoise of single-layer films is low, the pickup loop linewidths are often millimeters wide in order to improve coupling to the low inductance of the SQUID. The wide linewidth of the pickup loop makes it more susceptible to magnetic hysteresis. The lack of a reliable, commercially available multilayer proces<s with low llfnoise has also hampered the development of applications of intrinsic gradiometers.
In this work, magnetic hysteresis is studied in high-T, test samples having various pickup-loop linewidths. The te:jt samples have a simple, yet versatile, design that allows measurements to be made of either magnetometer or gradiometer hysteresis. The single-layer design provides a high-quality, low-noise material and makes it possible to evaluate the potential performance of an intrinsic gradiometer without the need to perfect a multilayer process.
HIGH-T, TEST SAMPLES
The pickup-loop test samples and the dc SQUIDS that were used to monitor their response were obtained from Conductus, Incorporated [3] . The test samples were fabricated from a 200-nm thick, epitaxial YBa2Cu307-6 (YBCO) film deposited onto a strontium titanate substrate by laser ablation.
Each test sample consisted of a pair of 2 mm x 2 m n square magnetometer pickup loops and a square output washer used to couple the sample's response to a readout SQUID. The pickup loops and the washer were all connected to each other in series by closely spaced, parallel strip lines that had linewidths of 20 pm. The centers of the pickup loops were separated by 10 mm to permit a magnetic field to be applied to each with individual magnet coils. Both pickup loops of each sample had the same linewidth, and samples were fabricated in six different linewidths ranging from 2:O pm to 800 pm. More details of the sample geometry are given elsewhere [4] .
EXPERIMENT
A high-T, dc SQUID was mounted face-up on a sapphire sample holder and served to monitor the response of the test sample. The test sample was mounted facedown such that its output magnetometer washer was coupled to the SQUID in a flip-chip arrangement. The sample output washer and the SQUID were centered inside of a bulk-YBCO magnetic shield. The pickup loops of the sample extended outside o f the shield, where small field application coils were centered over them. The field application coils are designed to provide a relatively uniform magnetic field to the pickup loops of the sample. A description of the full experimental arrangement is given in [4] .
To perform the hysteresis experiments, the sample, SQUID, and bulk shield were cooled to 77 K in an evacuated cryostat that was shielded from external fields by 3 layers of p-metal. Heaters inside of the cryostat allowed independent thermal cycling of the sample holder and the shield as necessary to remove trapped flux. The SQUID'S flux modulation and bias current were removed during thermal cycling to reduce the chance of trapping flux in the test sample. The magnetic field applied to the pickup loops during a run was swept linearly over time, increasing from zero up to some maximum field B,, then decreasing through zero to -I?,, and finally returning to zero. Typically, the period of one field cycle was about 2 minutes, and the field was cycled a minimum of three times to verify the reproducibility of the sample response.
Magnetometer hysteresis experiments were performed by cycling the applied magnetic field on one of the sample's pickup loops and recording the output of the SQUID, which was operated in a flux-locked loop. Measurements were made separately on both magnetometers of each test sample as a function of B,. To investigate the response of the magnetometer loops for relatively large values of Bo, the test sample was repositioned to reduce the coupling between the output washer and the SQUID. Gradiometer response experiments were performed in a manner similar to the magnetometer measurements, with the exception that the magnetic field applied to one of the pickup loops was applied simultaneously in the opposite direction to the other loop. The flux applied to each loop was balanced to within experimentally observable limits, by adjusting a shunt resistor across one of the magnet coils.
IV. RESULTS

A. Magnetometer Experiments
The circulating currents induced in the magnetometer pickup loops characterized in these experiments varied linearly with the applied magnetic field up to a particular threshold value. Beyond this threshold field, the field response of the samples became hysteretic. The threshold field marks the initial detection of vortex displacement within the superconducting material.
The large response of a magnetometer sample to applied field generally made its hysteresis imperceptible if a plot of the SQUID output as a function of field was examined. To clearly see the hysteretic behavior of the sample, a straight line determined by a fit to its initial low-field linear response must be subtracted from the entire measured field response. The result of removal of the linear response for a measurement recorded on an 800-pm linewidth magnetometer for B, = 100 pT is shown in Fig. 1 . As seen in the figure, the mag- netometer response of this sample becomes nonlinear above a threshold field of about 45 pT. The hysteresis of the magnetometer, measured in terms of the difference in flux at the SQUID for zero applied field between the downward and upward field ramps, is approximately 0.12 m0 in this case. It has been observed in this investigation that the hysteretic response of a sample is reproducible for the field cycles following the initial cycle for a given value of B,.
The hysteresis values measured for each of the two magnetometers (labeled MAG1 and MAG2) of the 100-pm linewidth and 800-pm linewidth samples are plotted in Fig. 2 as a h c t i o n of the peak-to-peak value of the applied magnetic field ramp, Bpp. For the linear field-ramp waveform used in this study, Bpp = 2B,. To account for differences in the coupling of each sample to the SQUID, the hysteresis values are plotted in terms of flux changes at the magnetometer pickup loops. For a given magnetometer, these values are obtained by multiplying the zero field hysteresis measured by the SQUID by the conversion factor relating the flux applied to the magnetometer to the flux measured at the SQUID.
The onset of hysteresis occurs at a lower value of applied field for the 800-pm linewidth than for the 100-pm sample. A 20-pm linewidth sample was also studied and exhibited no obvious hysteretic response for B, up to 80 pT, the highest field in which it was tested. The sample apparently became damaged after repositioning it to reduce its coupling to the SQUID, as subsequent measurements indicated that the criti- cal current of the sample was reached with only about 40 pT applied to either pickup loop.
The hysteresis values of MAG1 and MAG2 for both of linewidths shown in Fig. 2 track each other fairly closely. Differences between them generally become more pronounced as B,,.,, increases.
B. Gmdiometer-Exper-intents
The gradiometer response experiments were performed for values of B,, ranging from 10 pT up to 1.2 mT. These experiments closely mimic the situation of sweeping a uniform field on an intrinsic gradiometer. While a gradiometer exposed to a uniform magnetic field does not have an induced circulating current. a Meissner shielding current exists to oppose flux penetration the material. The currents induced in the single-layer samples of this study by application of opposing fields to serially connected magnetometer loops are very similar to those present in a gradiometer subjected to a uniform field.
The response of the 20-pm linewidth sample to applied magnetic field, as measured by the SQUID, in the gradiometer experiment is shown in Fig. 3 . These measurements were performed prior to the damage incurred repositioning the sample discussed earlier. The traces corresponding to different field excursions are systematically given dc offsets from one another to show their behavior more clearly. The traces show the rcproducible response of the sample to field cycling for increasing values of E , . The discussion will focus on the evolution of the shape of the traces with increasing E,. The hysteresis of the sample for increasing B,, at first increases to ;i relatively large value, then gradually decreases to a minimal value, and finally begins increasing again. We also observed this type of behavior in our earlier low-T,. investigation of intrinsic gradiometer pickup loops fabricated with niobium multilayer technology [5] . In the case of this 20-pm sample, it appears plausible that the early hysteretic response is the result of the hysteresis of one pickup loop dominating over the other. This conjecture is based on the observation that the hysteresis loops for B,, 2 400 pT have a simple shape, similar to that observed in the magnetometer response experiments. For higher values of applied field, the ends of the hysteresis loops have an increasing amount of bending in them. The bending may indicate that the field-driven vortex displacement is now becoming significant in both of the pickup loops. For E, = 1000 pT. the response of the loop is about the same for a given value of applied field for both the increasing and decreasing legs of the field ramp. This narrow hysteresis loop could indicate that the response of the trapped vortices to field changes in both pickup loops is essentially the same. The observed reduction in hysteresis may be the result of a fortuitous occurrence of the hysteresis of one pickup loop being balanced out by that of the other loop. 1 o " -" ' " ' " " " " " ' " " " " " " ' " " - The fractional hysteresis error is defined as the ratio of the hysteresis measured in terms of flux at the pickup loops to the total flux excursion imposed on the loops [6] . The symbols on the plot represent the actual measurements; the lines are used just to connect the measurements for a given sample. The samples fall into two basic categories in their variation of h with Bp.p. The first category is represented by the response of the 4 0 0 -~m and the 800-pm linewidth samples. The hysteresis of these two samples over the range of Bp.p investigated increased monotonically and reached relatively large values. The response of these samples to field appears to be dominated by the hysteresis of one of its pickup loops over the entire range of Bp.p examined. The hysteresis of samples in this category resembles the hysteresis observed in the magnetometer response experiments, in that it increases with increasing linewidth. In the other category of gradiometer response, the hysteretic response of the loops is more balanced, as evidenced by lower h-values. The variation of h with Bp.p, for both the 20-pm linewidth and the 100-pm linewidth samples, exhibits a sharp, local minimum. The h of 100-pm linewidth sample is generally lower than that of the 20-pm linewidth sample, indicating that once flux penetration of the material has occurred, the hysteretic balance of gradiometer loops is more important to obtaining a low h-value than the amount of flux penetrating the material.
V. CONCLUSIONS
Magnetometer hysteresis increases as the applied field excursion increases as a result of the displacement of an increasing number of flux vortices trapped in the material. For a given field excursion, hysteresis increases for increasing values of the magnetometer linewidth. The hysteretic response of gradiometer loops is very sample dependent and no clear linewidth dependence was identified. A local minimum in the field-excursion dependence of gradiometer hysteresis was observed in some cases, indicating that the hysteretic response of one loop of a gradiometer can be balanced out by the response of the other loop.
